Wang, Jian-Jun, Yury Shimansky, Vlastislav Bracha, and (Thompson 1986), visuomotor behavior (Gauthier et al. James R. Bloedel. Effects of cerebellar nuclear inactivation on the 1979), the vestibulo-ocular reflex (Ito 1982; Li et al. 1995; learning of a complex forelimb movement in cats. J. Neurophysiol. Lisberger et al. 1984; Robinson 1976), and the adaptation 79: 2447-2459, 1998. The purpose of this study was to determine to image displacing prisms (Martin et al. 1996; Thach et al. the effects of inactivating concurrently the cerebellar interposed 1992; Weiner et al. 1983). Changes in the activity of cerebeland dentate nuclei on the capacity of cats to acquire and retain a lar cortical neurons during the adaptive modification of a complex, goal-directed forelimb movement. To assess the effects 2447 0022-3077/98 $5.00 Downloaded from FIG . 2. Flowchart of the experimental outline. After the initial learning animals were injected with muscimol during learning and the other, phase, the same experimental sequence was followed for all animals in both the experimental and control groups. the control group (n Å 3), which received saline injections during J606-7
simple wrist joint movement also were found to be consistent on acquisition, cats were required to learn to move a vertical maniwith this hypothesis (Gilbert and Thach 1977) . Based on pulandum bar through a two-segment template with a shape apthese and other related data as well as on inferences derived proximating an inverted ''L'' after the injection of muscimol (saline for the control group) in the interposed and dentate cerebellar from the anatomy and physiology underlying the neuronal nuclei. During training periods, they were exposed progressively interactions of the cerebellar cortex and nuclei, the hypotheto more difficult templates, which were created by decreasing the sis of Marr was applied to the learning of complex volitional angle between the two segments of the template. After determining limb movements. Specifically, it was proposed that the cerethe most difficult template the injected animals could learn within bellum is responsible for combining simple movement elethe specified time and performance constraints, the retraining phase ments into more complex synergies and storing them in a of the experiment was initiated in which the cats were required to memory using the cerebellar circuitry injection. This stage of the experiment assessed retention and deter-Although data obtained from cerebellar patients during mined the extent of any relearning required to execute the task at the past decade and a half suggests a role of the cerebellum in criterion levels. Next, the animals were overtrained without any injection on the most difficult template they could perform. Finally, learning complex voluntary motor tasks including multijoint to determine the effects of nuclear inactivation on retention after voluntary movements, this issue has not been studied rigorextensive retraining, their capacity to perform the same template ously using well-controlled animal models, particularly with was determined after muscimol injection in the interposed and objectives focused on determining precisely what aspects of dentate nuclei. The findings show that during the inactivation of the learning process are influenced by this structure. Certhe dentate and interposed nuclei the animals could learn to execute tainly many possibilities exist in addition to storage. For the more difficult templates. However, when required to execute example, during learning the cerebellum could contribute to the most difficult template learned under muscimol on the day after acquisition-related, consolidation-related, and recall-related injections were discontinued, the cats had to ''relearn'' (reacquire) processes without serving as a storage site for the memory the movement. Finally, when the cerebellar nuclei were inactivated trace. In fact, recent experiments in our laboratory have imafter the animals learned the task in the absence of any injections during the retraining phase, retention was not blocked. The data plicated this structure in the acquisition process (Milak et indicate that the intermediate and lateral cerebellum are not real. 1995) . These studies demonstrated that the event-related quired either for learning this type of complex voluntary movement modulation of several simultaneously recorded cerebellar or for retaining the capacity to perform the task once it is learned. nuclear neurons progressively increased as a novel, complex Nevertheless, when the cerebellum becomes available for executvolitional task was practiced and subsequently reached a ing a task learned in the absence of this structure, reacquisition of peak as the behavioral sequence first was performed successthe behavior usually is necessary. It is hypothesized that the refully (Bloedel et al. 1993a,b; . Thus the learning observed after acquisition during muscimol inactivation maximal amplitude of the event-related modulation of nureflects the tendency of the system to incorporate the cerebellum clear neurons was highly correlated with a critical compointo the interactions responsible for the learning and performance nent of the acquisition process. A different series of experiof a motor sequence that is optimal for executing the task. ments assessed the cerebellum's role in the retention of the same behavior (Milak et al. 1997) . These data demonstrated
that the selective inactivation of any of the three major nuclear regions (fastigial, interposed, or dentate) with musci-In his pioneering theoretical study, Marr (1969) proposed mol failed to disrupt the retention of the learned behavior, a that the cerebellum serves as a ''learning machine'' critical finding that is clearly inconsistent with the cerebellar storage for acquiring novel motor skills. Since that time several hypothesis. experimental findings have implicated the cerebellum in the To examine further the cerebellum's role in the acquisition processes required for the learning and modification of difand retention of volitional forelimb movements, the present experiments were performed to determine the effects of inac-ferent movements, including conditioned eye blink reflexes FIG . 1. Features of the templates used in the experiment. A: various components of the template. Angle a was varied to alter the difficulty of the task. B: set of 7 templates with different angles (a) used interchangeably at various stages of the learning process. The more negative the template angle, the more difficult the task. Anterior is indicated with respect to the cat's position during the experiment. the same part of the experiment (Fig. 2) . Initially, three animals tivating unilaterally both the dentate and interposed nuclei were selected for each group. However, the interesting heterogeneon the learning of a variant of the template task employed ity of the data from the muscimol-injected animals required the by Milak et al. ( , 1997 . On the basis of our previous inclusion of a fourth cat in this group. Because of the difficulty of data, it was hypothesized that, although the cerebellum may this task for cats, particularly when the cerebellar nuclei were contribute to the normal acquisition of the template task, it inactivated, larger groups were not feasible for this study. is not essential for this process nor is it required for the The protocol was identical for all animals in each group. After task's retention. The findings support this hypothesis by mastering the single groove task, four stainless steel guide tubes showing that cats with the dentate and interposed nuclei (0.4 mm OD) for the injection cannulae were implanted in the inactivated can learn the sequence of movements required right half of the cerebellum ipsilateral to the reaching limb in each animal under sterile surgical procedures. Each tube was tilted to perform the template task and that the learning is condition posteriorly at a 28Њ angle in the sagittal plane, and their lower ends dependent: after learning the behavior during nuclear inactiwere positioned 3 mm above the center of the dentate, anterior vation, the animals had to reacquire the task when it was performed on a subsequent day with the cerebellum completely functional. The study also demonstrates that the cerebellum is not required for retention, even when the task is learned in the functionally intact animal. An abstract of this study has been presented previously (Shimansky et al. 1994) .
M E T H O D S

Paradigm and protocol
Adult food-motivated cats initially were trained to stand on four platforms (9-cm diam) and pull a vertical bar toward a food-reward zone through a horizontal posterior-anterior groove in which the lower end of the bar was inserted. The groove, which was identical to the final segment of the template shown in Fig. 1 , was positioned at the animal's midline. The bar (10-cm long, 12-mm diam) was covered with a surface soft enough for a cat to grasp it. Cats were required to start the reach for the bar after a tone ''go'' signal and had 3 s to complete the task by moving the bar to the reward position ( Fig. 1) , located 180-200 mm anterior to a line through the center of the forelimb platforms, where a reinforcement consisting of baby food was extruded onto a planchet located at the top of the manipulandum bar. During the intertrial interval, which varied pseudorandomly between 4 and 6 s, the cats were required to stand quietly while being restrained only by a net-like harness extending around the thorax and attached to two horizontal beams on both sides of the animal. The grooved template was located 60 mm above the level of the foot platform.
The animals were divided into two groups, one (n Å 4) in which interposed, posterior interposed, and fastigial nuclei using standard ascertained in the absence of any injections. Each uninjected animal was required to execute successively the same sequence of tem-stereotaxic coordinates for these structures. In the experiments reported here, the fastigial nucleus was not injected. Wire electrodes plates using the same rule for increasing template difficulty as employed during the initial learning phase. Retention was judged were implanted for electromyographic (EMG) recording in the following muscles of the right (ipsilateral) forelimb: extensor dig-based on the cat's capacity to complete 18 of 20 trials satisfactorily as the template difficulty was increased for each successive 20-itorum communis, palmaris longus (PL), brachialis (Bra), lateral triceps (Tri), and spino-deltoideus and in the PL, Bra, and Tri of trial block. Thus the minimum number of trials at a given angle was 20. the left forelimb. The EMG recordings will be reported in a subsequent manuscript examining the specific muscle synergies em-A final stage of the experiment examined whether nuclear inactivation affected the retention of the task after it had been practiced ployed in executing the task under different experimental conditions. After surgery, 6-7 days were allowed for recovery. Then extensively in the absence of any injection. Once the most difficult template that an uninjected animal could execute was determined, the training was resumed on the single groove task until the animals reached the presurgical level of performance.
the cat was overtrained on this template during 2-3 successive days. During this stage, each cat was required to perform the same Next, the most effective site for a muscimol injection (1 ml of template until it could move the bar quickly and smoothly to the 800 ng/ml per nucleus) was determined along the track extending target zone (without decelerating to zero velocity at the template below each guide tube by assessing the action of muscimol at one corner) in most of the trials. Once the task became well practiced, site each day. The initial depth of the injection was 2 mm above its retention during nuclear inactivation was assessed by testing the expected center of the corresponding nucleus, and it was inthe effects of muscimol microinjections on the cats' capacity to creased by one step of 0.5 mm per day until the maximum effect execute the same template they had learned during overtraining in of the injection was obtained. At each site, muscimol was injected the absence of any injections. slowly during a 15-min period, during which the animal's head was fixed. Twenty minutes after the injection was completed, the head was released, and the injection cannulae were left in place Data acquisition for the remainder of the experiment. Injection effects were evaluated both quantitatively and qualitatively by comparing different Kinematics of the movements in each trial were assessed using preinjection and postinjection characteristics of the animals' perforan Optotrak motion analysis system. Infrared emitting diodes mance on the single groove task as well as by testing placing, (IREDs) attached with Velcro were used to monitor the position hopping, and magnet postural reactions immediately after the exof the following sites: base of the lateral toe, paw dorsum, lateral perimental session. Because of the marked clinical deficits associaspect of the wrist joint, lateral aspect of the elbow joint, shoulder, ated with the inactivation of the anterior interposed nucleus (for and a reference point over the scapula. Several sensors were used additional details, see Kolb et al. 1997 ; to record the time of specific events related to the movement: Milak et al. 1997) , the immediate onset of limb ataxia and abnorpaw lift-off was recorded based on a microswitch mounted in the malities in the cutaneomuscular reflexes were used to help establish ipsilateral forelimb platform, initiation of bar movement (''bar the optimal site for injecting this structure. In addition, the stereostart''), arrival of the bar at the template corner, and arrival of the taxic location of this site also was used for determining the relative bar in the reward zone were recorded using light-sensitive diodes locations of the injection sites in the other nuclei.
that were mounted underneath the groove and activated by a light After determining the most effective muscimol injection site for on the bottom of the manipulandum bar. each tract, the acquisition part of the protocol was initiated. Each cat was injected concurrently in the anterior and posterior inter-Data analysis posed and dentate nuclei either with muscimol or saline, depending on the experimental group (Fig. 2 ). Each animal then was required For the purpose of data analysis, the task was divided into a to learn a sequence of templates consisting of two segments: an reach phase, lasting from paw lift-off to contact with the manipuinitial medio-lateral segment oriented at an angle 90Њ / a relative landum, and a trace phase, consisting of the time required to move to a second anterio-posterior segment, which was positioned in the the bar from its initial position to the reward zone. The temporal midline (Fig. 1 ). The learning usually started with a Å 20Њ. Each parameters measured were: the duration of the reach (from paw liftcat was trained on a specific template until it was able to execute off to bar contact), the movement time through the first segment of it within 3 s in 90% of trials in 20 trial blocks. Once this was the template, duration of the trace phase, and the overall movement achieved, the task difficulty was increased one step, defined as a time. The length of paw trajectory during the initial template segdecrease in the template angle (i.e., smaller angle relative to the ment was calculated as the length of the corresponding path travanterio-posterior groove). The following template angles were eled by the paw dorsum IRED from the time the paw contacted used: a Å 20Њ, 10Њ, 5Њ, 0Њ, 05Њ, 010Њ, and 020Њ. During training, the manipulandum to the time it arrived at the template corner. if the animal could not or would not execute the next smaller angle The speed of the paw and manipulandum bar for each component (usually failing in a few attempts), the angle was increased one of the movement was calculated as the magnitude of the first derivstep, and the cat again had to meet criterion at that angle. This ative of the corresponding IRED's position. The percentage of procedure helped to ensure that the animals did not become frussuccessful trials (trials completed within the required 3 s) was trated during the experiment. As training continued, the most difficalculated within consecutive blocks of 10 trials and tabulated for cult template the cat could perform was determined, defined as the plotting learning curves. To characterize the forelimb position at smallest angle the injected animal could learn within Ç800 trials the moment of grasping the manipulandum bar, the angle between presented over a period not longer than 7 days. Each day of training the elbow-wrist segment and its projection on the sagittal plane, concluded when the cat was no longer willing to continue reaching defined as the forearm laterality angle, was calculated. for the manipulandum bar and move it through the template. On For each animal, the extent of the learning during each phase each day of training the initial angle used was the same as that of the experiment was determined based on the smallest template employed in the last trials of the previous day.
angle mastered. The extent of retention at two stages of the experi-Next, the retraining phase of the protocol was initiated ( Fig. ment was assessed at the beginning of a session by determining 2). In this phase, the retention of the behavior learned during whether the animal could execute the most difficult template masmuscimol inactivation was evaluated, and the extent of the retraintered on the previous day. If the cat could no longer execute this template, successively less difficult templates were tried until suc-ing and relearning required to execute the same templates was J606-7 / 9k28$$my35 04-13-98 07:18:47 neupa LP-Neurophys by 10.220.32.246 on November 4, 2016 http://jn.physiology.org/ Downloaded from cessful completion was observed. Plots displaying the paw trajectories were used to illustrate the effects of muscimol injections on the reach and the modifications in the trajectories that occurred during learning. The rate of task acquisition for the two experimental groups was not compared statistically because of the variability in learning rates among cats on this type of task and the difficulty in obtaining large numbers of animals willing to attempt the task while the interposed and dentate nuclei were inactivated. Furthermore, the learning rate per se was not a critical issue in our experiments. The Mann-Whitney U test was used to compare the maximum level of difficulty attained by the two groups of animals, and a standard t-test (CSS Statistica) was used to compare performance of control and muscimol-injected animals in the final retention test.
Histological procedures
At the end of experiments, the cats were anesthetized with barbiturate and injected with biocytin (100 nL of 5% biocytin in 0.05 M tris(hydroxymethyl)aminomethane buffer, pH 7.6) in all the nuclei at the same stereotaxic locations used previously for muscimol or saline injections. Then the animals were anesthetized deeply with an overdose of barbiturate and were perfused through the left ventricle with 2% paraformaldehyde / 1% glutaraldehyde (in 0.1 M phosphate buffer, pH 7.4). Blocks through the cerebellum were cut at 50 mm in the frontal plane, biocytin was localized by staining with diaminobenzidine, and the tissue was counterstained with luxol blue and neutral red.
Task acquisition
All animals in which the interposed and dentate cerebellar nuclei were inactivated simultaneously (n Å 4) could learn the template task at progressively greater levels of difficulty. Two of the four muscimol-injected animals implemented a movement strategy comparable with that of many functionally intact cats observed in other experiments using the template paradigm (Milak et al. , 1997 . This strategy, designated the ''normal'' strategy, is illustrated in Fig. 3 , C and D. Similar qualitatively to the movement sequence employed by control animals (A and B), this strategy consisted of grabbing the bar with the paw on the right of the bar and pulling it through the initial template groove (the most difficult, critical part of the task).
All cats across both groups used the normal strategy during FIG . 3. Techniques for performing the task used by control animals ( A and B) and muscimol-injected cats using normal (C and D), pushing (E and initial training on the straight groove. However, during the F), and batting (G and H) strategies (see text for explanation). Trajectories learning of the more difficult templates (those with 2 segindicate the path of the infrared emitting diodes (IREDs) attached to the ments), two cats in the muscimol injection group employed cat's paw dorsum during the reach (thick solid line) and the execution of ''alternate'' strategies that deviated from this pattern. One of the first segment of the template (thin solid line) (left: side view; right:
top view). The latter is not shown for the control animal. In G and H, the the animals in the alternate group contacted the bar on the left 2nd loop of the batting movement after the bar was contacted is shown and pushed it from left to right. This strategy was designated with a dashed line. q, initial paw position. Relative size and initial location the pushing strategy. The trajectory of the IRED on the dorsum of the manipulandum bar are shown in both side and top views. Template of the paw while performing this task is shown in Fig. 3 , E shape and location are shown with a thin line on the top view. and F. Notice that the paw passed to the left of the bar before the pushing was initiated. In this trial, the grip was lost and cycles (2 shown) in an effort to propel it to the corner of the had to be reestablished at the end of the first segment. The template. As evidenced by the characteristics of the reach other animal in the alternate group adopted the strategy of trajectory, this animal was quite ataxic. batting the bar energetically to propel it through the initial To obtain insights into the features of the movement that part of the template. This strategy, referred to as the batting were modified during this acquisition period and to demonstrategy, allowed the cat to complete the movement rather strate that, in fact, such modifications occurred, specific feaquickly once it initiated the bar's movement. As indicated in tures of the movement kinematics were evaluated as the task Fig. 3 , G and H, this motion was cyclic, with the paw passing to the right of the bar and contacting it forcefully in successive was practiced. One of the most difficult components of the 4 . Paw and bar speed profiles of a muscimolinjected and a control cat while moving the bar through the template. Both used a normal strategy. A-D: single trials illustrating typical differences in these profiles in one of the 1st trials (trial 27 in A and B and trial 3 in C and D) at a Å 10Њ and a Å 0Њ for the muscimol-injected and the control cat, respectively. Contact of the paw with the bar was frequently broken in the muscimol-injected cat (A), after which the animal had to regrab the bar. In contrast, the control cat maintained contact with the bar as it was moved through the template groove (C). E and H: single trials for the same 2 animals obtained late in the training period (trial 135 in E and F and trial 42 in G and H). Time 0 corresponds to the 1st contact of the paw with the manipulandum bar. Vertical dashed lines show the time the bar contacted the template corner ( a) and the reward zone (b). task was moving the bar from the origin to the corner through lateral template segment (see Fig. 5, C and D) . Notice the absence of the multiple peaks in the velocity profiles charac-the medio-lateral segment of the template. The progressive improvement in this part of the task is illustrated in the paw terizing the performance of the same movement by a control cat (Fig. 4, C and D) . The performance of both animals and bar speed profiles in Fig. 4 . As the muscimol-injected cat executed the task in an early trial during learning (A and was improved substantially as the task was practiced. In the example shown in Fig. 4 , after substantial practice, the B), the bar was moved in a discontinuous manner, with comparatively high peaks of the paw velocity profiles re-muscimol-injected cat lost contact with the bar only once during the transverse movement through the template (E flecting the paw movements required to regrasp the bar after intermittently losing contact with it. In some animals, the and F), resulting in a much shorter movement duration.
Similarly, practice resulted in a decreased movement time loss of bar contact appeared to be a habitual part of their behavior. Nevertheless, this tendency definitely was accentu-through the template for the control animal (G and H) .
The time course of the changes in measurements reflecting ated in animals with inactivated nuclei. Although it could not be documented, the prolonged duration of this part of the movement through the template is shown in Fig. 5 for both a muscimol-injected and a control animal. As the animal the task also may reflect the substantial friction generated between the bar and the template when there was a large with the cerebellar nuclei inactivated practiced this task ( A), the movement time for the first segment decreased. angle between the pulling direction on the bar and medio-J606-7 / 9k28$$my35 04-13-98 07:18:47 neupa LP-Neurophys The tendency to lose the grip on the manipulandum bar this angle as the task was practiced. This was associated with a decreased movement time through the first segment during nuclear inactivation may have been a factor contributing to the development of different, alternative strategies for (A) as well as an increase in the percent of successful trials (E). In contrast, the control animals did not undergo a com-moving the manipulandum through the template. Interestingly, the batting strategy actually eliminated the necessity parable change in the forearm laterality angle (Fig. 5D) as the performance of the task improved. Apparently, the capac-to grasp the bar. In fact, even the two animals employing the normal movement pattern used a technique for pulling ity to grasp the bar permitted these cats to maintain their forelimbs in a consistent relationship with the sagittal plane the manipulandum that was different from that of the control animals. Rather than gripping the bar with the toe and paw, as the movement time through the first segment shortened and the percent of successful trials increased (Fig. 5 , B the muscimol-injected animals tended to ''hook'' the bar with their paw pad, often using a greater flexion of their and F).
The time courses of the learning exhibited by an inacti-wrist. Perhaps in an effort to make the hook more effective, the muscimol-injected animals tended to better align the el-vated animal using the normal strategy and a control cat are shown in Fig. 6, A and B, respectively. All inactivated ani-bow-wrist segment with the direction of the first segment of the template. These features were quantified by measuring mals exhibited ataxia immediately after the injection. Perhaps as a consequence of this deficit, the animals occasion-the angle between the sagittal plane and the long axis of the forearm, the laterality angle, as defined in METHODS. As ally became less persistent immediately after the angle was decreased despite success in the previous series of trials. shown in Fig. 5C, these This feature of the training likely contributed to the variability in the learning curves between animals in both groups (see Fig. 9 ). After 6 days, the cat trained during nuclear inactivation was performing the a Å 0Њ angle approximately at a 50% success rate, whereas the control animal could perform to criterion at a Å 05Њ after the same period of time (Fig. 6, A and B, respectively) . The time courses and extent of the acquisition for the cats using the pushing and batting strategies are shown in Fig. 7,  A and B, respectively. The animal using the pushing strategy almost completed the learning at the highest level of task difficulty (a Å 020Њ) with the cerebellum inactivated (Fig.  7A) . By contrast, the cat employing the batting strategy mastered only the 05Њ angle. Because of the individual vari-FIG . 6. Time course of learning and retraining for one cat in the muscimol injection group (A) and another cat in the control (saline injection) group (B). These learning and retraining curves are shown for the animal in each group that had the greatest difficulty using the normal (see text for explanation) movement strategy. *, block of trials in which this animal transiently lost its persistence in attempting to execute the next more difficult template. Ordinates on these learning curves as well as those in Fig. 7 are segmented into the percent of successful trials over 10 consecutive trials for each template angle in ascending order of difficulty. In this as well as the next figure, the 1st block of trials for each day of learning and retraining is indicated with a numbered dashed line. Note the difference in the scale on the ordinate. This is apparent in Fig. 6A (*) , where there was a sudden decrease in percent successful trials. When this occurred, it FIG . 7. Learning curves for the cats that employed unusual strategies while learning the task under muscimol injection and subsequent retraining was necessary to continue training after reducing task diffiwithout injections. Learning and retraining curves are shown for the cat culty, as explained in METHODS . Even control cats occasionthat was using the pushing strategy (A) and for the animal that utilized the ally became less persistent in attempting to solve the task batting movement strategy (B). *, block in which the strategy switched and required a transient decrease in difficulty to maintain from the normal to the batting strategy. Other designations as in Fig. 3 . ability in the rates of learning, nothing specific can be concluded from the difference in learning rates between these two animals. The likelihood that these alternative strategies provided a substantial advantage to the cat for accomplishing the more difficult templates in the task is suggested by the finding that the animal employing the batting strategy was learning quite slowly until this strategy was initiated (Fig.  7B, *) . Even though the animal began to learn faster, it still could not achieve the 010Њ template. In contrast, the cat that used the pushing strategy could almost master the 020Њ template. This level of achievement is consistent with the fact that the success of this strategy was not likely to be highly dependent on a. Although criterion was achieved in some blocks, this level of performance could not be maintained consistently. Figure 9 compares learning rates of all animals in both groups employing the normal strategy. Notice that both control and muscimol-injected animals have a considerable variation in learning rate when assessed on the basis of trials, particularly after the easiest templates are mastered. Furthermore, muscimol-injected animals executed more difficult templates during the retraining period when no injection was made (Fig. 8) .
In summary, the data in Figs. 3-9 show that the cats definitely learned to perform the template task when trained while the dentate and interposed nuclei were inactivated. There was no statistical difference in the maximal level of difficulty achieved by the two groups of cats (Mann-Whitney U test). Interestingly, two of the four muscimol-injected FIG . 8 . Relationship between the most difficult angle achieved and the animals adopted an alternate strategy as they practiced the number of trials required for all animals in the study. Plots are shown for task. In both cases, the cats that employed such a strategy the initial learning period (A) and for the subsequent retraining period (B). could master more difficult templates than the cats that con-Angle on the ordinate indicates the most difficult template performed by tinued to use the normal strategy. each animal at a criterion of 90% of successful trials over a block of 20 trials. Each animal is indicated by the same letter in each of the two plots. See text for an explanation of the difference between animals employing
Retention and retraining phase
normal and alternative strategies.
The next component of the experiment, the retraining level of task difficulty acquired) in each of these three musciphase, evaluated the extent to which cats trained during musmol-injected cats (the 2 using the normal strategy and the cimol inactivation of the nuclei retained what was learned 1 using the pushing strategy) were somewhat different from when assessed on the same task in the absence of any injecduring their original acquisition. There was a tendency to tion, namely with the cerebellum functionally intact. Both reacquire faster and attain a higher level of difficulty during groups of animals were retrained with the same sequence reacquisition ( Figs. 6A and 9B ). The plot in Fig. 9B also of templates used during the initial (learning) stage of the indicates that, as observed during the initial period of learnexperiment. Surprisingly, there was a substantial difference ing, there was a substantial variability in the retraining curves between the retention displayed by the animals that learned among the animals employing the normal strategy. Only the the task with the cerebellum inactivated and that demoncat that used the batting strategy performed at criterion level strated by the control animals. Cats trained under saline at each successive increase in template difficulty, i.e., this injections attained the maximum level of difficulty as rapidly cat did not require relearning to execute the task successfully as the paradigm permitted, i.e., they immediately performed (Fig. 7B ). at criterion (90% of successful trials in the first 20 trials at a given a for each progressive step in task difficulty; Figs. 6B and 9B). By contrast, except for the cat that employed Final retention test the batting strategy, the animals trained during nuclear inactivation could not perform all previously mastered templates
The final part of the experiment assessed the effects of nuclear inactivation on the retention of the task after over-at criterion in their first attempts to do so. Rather, it was necessary for them to practice at least the more difficult, training in the absence of any injections. This was done by determining the consequence of inactivating the dentate and previously acquired templates before being capable of executing them at criterion level (Figs. 6A, 7A. and 9B) . During interposed nuclei on the capacity to perform the most difficult template learned during overtraining. After muscimol the retraining phase, all animals employed the strategy they adopted during the learning phase.
inactivation (including 20-min wait period), all cats could execute the template within a very few trials (Fig. 10, A 9 . Learning (A) and retraining (B) curves summarizing all the muscimol-( ---) and saline-injected ( ) animals that used the normal strategy. Data for each animal are plotted with a different symbol. Each symbol location marks the trial at which the indicated angle was achieved. Template angle (degree of difficulty) is plotted against the trial number at which the task performance reached criterion level for that template. Nearly vertical dotted line on the left of each graph indicates the fastest possible acquisition at each successive angle, a condition requiring that only 20 trials be executed to meet criterion (18 of 20 successful trials) at each angle. Number of days required to reach the maximum level of difficulty is shown at the end of each curve. Note that the animals that learned under muscimol injections had to relearn the task during retraining, whereas the control animals did not. B). However, immediately after muscimol injection, a brief for the ataxic movements to be executed, criterion performance was reached by both groups after fewer trials than period occurred during which there was a decrease in the percent successful trials. This phenomenon, which also was when the trial duration was 3 s. Although the difference in the performance of the two groups after muscimol was not observed even after injection of only a single cerebellar nucleus (Milak et al. 1997) , may reflect a brief period required statistically significant ( P ú 0.05, standard t-test between the blocks for trials 1-30 and between the blocks for trials for the cat to compensate somewhat for the rapidly acquired cerebellar deficit. This inference also is supported by the 31-60), the animals that previously had not experienced a muscimol injection (Fig. 10B ) on average took more trials findings in Fig. 10 , showing that, when the trial length was increased to 5 s (C and D), presumably allowing more time to return to criterion performance than the muscimol group FIG . 10. Bar graphs for both groups of animals illustrating the effect of muscimol injection on the retention of the template task in the final retention test. A and B: plots for both groups using a trial duration of 3 s. C and D: plots for both groups using a trial duration of 5 s. complex goal-directed volitional movement: 1) cats can learn this task while the interposed and dentate nuclei are inactivated; 2) motor strategies used to execute a task learned during nuclear inactivation are more variable, both within one animal's performance and across different animals, than those employed when the task is learned with the nuclei functionally intact; 3) most animals that learn the task during nuclear inactivation cannot perform it at criterion levels when tested with the cerebellum intact; and 4) animals that learn the task without any impairment of cerebellar function still can execute the behavior after the cerebellar nuclei are inactivated.
Complex motor task can be learned during inactivation of the cerebellar nuclei
One of the main findings from this experiment is that the functional integrity of the intermediate and lateral cerebellum is not critical for the learning of an operantly conditioned goal-directed forelimb movement. It is highly unlikely that the animals could learn the task because of the incomplete inactivation of the targeted cerebellar nuclei. First, the results of the histological analysis showed that the injections were well localized in all studied animals. Second, the motor deficit observed after muscimol injections was quite substan-FIG . 11. Locations of muscimol/saline injection sites (placement of the tial and consistent with that described in the literature after injection cannula tip) in the cerebellum across the animals used in the lesions in these structures (Gilman et al. 1976 ). In addition study. A: key indicating the symbols used for each animal and for each nucleus. B-F: set of frontal sections through the cerebellar nuclei selected to the well-known ataxia, there was a clear deficit in postural to illustrate the relative positions of the injection sites for all animals. These reflexes and reactions, including the forelimb precision sections, which are Ç300 mm apart, extend from P 8.1 anterior to P 9.7 placement response . Third, the posterior, respectively. PIN, posterior interposed nucleus; AIN, anterior onset of these effects was rapid, suggesting the injections interposed nucleus; DN, dentate nucleus.
were made in very close proximity to the target nuclei (Kolb et al. 1996) . Fourth, a substantial enough portion of the (Fig. 10A) . In summary, when the cerebellum was inactinuclei was injected to produce a condition in which a behavvated after the overtraining phase, all the animals could perior learned during muscimol inactivation could not be exeform the most difficult template they learned to execute durcuted in the absence of nuclear inactivation and consequently ing retraining and overtraining in the absence of any injechad to be relearned during the retraining phase. tion, a finding consistent with our previous observations
The inactivation of the cerebellar nuclei did not eliminate examining the effects of inactivating individual cerebellar the animals' capacity to modify the movement strategy as nuclei on retention (Milak et al. 1997) .
the task was practiced. As shown in Fig. 5 , there were specific changes in movement kinematics as the muscimol-in-Histological analysis jected animals acquired the behavior. Because they could The location of the three injection sites for every animal not secure a grasp of the manipulandum bar with the distal is shown on the standardized set of cross sections (Fig. 11 ). extremity in a normal manner, they hooked the bar with their All injection sites were located within the region of the target paw near the wrist (see also Gibson et al. 1994 ) together cerebellar nuclei, which is consistent with the very short with an associated adjustment of the elbow-wrist segment onset of muscimol injection effects and the presence of moposition (see Fig. 5C and the related part in RESULTS ). Comtor deficits that are characteristic of those observed in cats parable changes in the same kinematic measurements did after muscimol inactivation of the interposed and dentate not occur in the control animals ( Fig. 5, B, D, and F) . With cerebellar nuclei Kolb et al. the cerebellum inactivated, the movement strategy employed 1996; Milak et al. 1997) . Given the rapid onset of the injecwas less coordinated and less successful, requiring the modition effects and the estimate of Martin (1991) that the effecfication of movement kinematics for improving performance. tive radius of neuronal tissue inactivation produced by 1 ml In fact, the two muscimol-injected animals that used the injection of 800 ng/ml muscimol is 1.5 mm, it is likely that normal strategy during learning failed to attain as high a the majority of the targeted nuclear regions were inactivated level of task difficulty as the control animals. The other two in each experiment. However, the possibility that a small muscimol-injected cats actually modified their movement portion of these structures was not affected also exists. strategy substantially, presumably to overcome the problems related to the motor abnormalities resulting from the exten- the motor deficit produced by cerebellar nuclear inactivation, that was dependent on employing a substitute for the normal grasp and was more variable and appeared less efficient than possibly because neither require the complex, precise reachto-grasp movement employed under normal conditions. the strategy employed by a functionally intact cat. Of the muscimol-injected cats, only the one that employed the bat-Muscimol-injected cats that used the normal strategy when learning the task achieved a lower degree of task diffi-ting strategy did not have to relearn after muscimol was discontinued. Unlike the other strategies, this one did not culty than the control animals ( Figs. 8A and 6-9 ). Furthermore, during retraining, cats that acquired the task initially require a grasp or a high level of movement accuracy, thus likely reducing its dependence on the cerebellum. Further-during muscimol injections could learn a more difficult template after practicing in the absence of any injection (Fig. 3D more, the batting strategy consisted of a fairly simple, natural behavior capable of producing a comparatively efficient exe-and 6-9). However, nuclear inactivation after the retraining period did not suppress the animals' capacity to perform the cution of the task, possibly eliminating an important condition for initiating the relearning. template at the same level of difficulty achieved in the absence of muscimol microinjections. Together these facts
The relearning phenomenon also emphasizes that the cerebellum could play an important role in the normal acquisition could be interpreted in support of a learning impairment affecting acquisition of the most difficult templates during process even though some motor patterns that can be used to execute the task can be acquired in the absence of this cerebellar nuclear inactivation. However, cats that implemented the alternative strategies (batting and pushing) under structure. The importance of the cerebellum in acquisition also is supported by the recent results of , this condition could learn the more difficult templates (Fig.  8) . Consequently, the difference between the difficulty of who investigated the changes in cerebellar nuclear activity during the acquisition and performance of a variant of the the task acquired during the initial learning period by the control animals and the muscimol-injected cats that used the template task. They showed that the event-related modulation of Ç80% of these cells progressively increased as the normal strategy is more likely due to a motor impairment (performance deficit) of the nuclear-inactivated cats than an task was practiced, reaching a maximum at the time during acquisition when the task was first performed smoothly. Re-impairment in the learning process per se. We propose that, in the naive animal, the prehension deficit together with the sponse amplitudes then progressively decreased as the task continued to be practiced. Related observations also have ataxia impeded the performance of the more difficult angles and consequently the animal could not learn to execute them been reported in other studies. For example, a transient increase in the complex spike activity of Purkinje cells was within the time limits imposed by the experimental paradigm.
shown to occur as monkeys compensated either for an external load applied during a simple wrist movement (Gilbert In summary, these findings clearly show that the strategies used to compensate for the loss of cerebellar function could and Thach 1977) or for changes in the gain of the manipulandum employed to perform visually guided arm movements be modified through practice, consisted of a pattern of motor coordination that does not require the normal reach to grasp, (Ojakangas and Ebner 1992) . In addition to these electrophysiological data, imaging studies revealed that the highest and could be executed adequately enough to accomplish the objectives of this difficult motor task.
level of activation within the cerebellum occurs in association with the learning of a new task (Flament et al. 1996; Friston et al. 1992; Jueptner et al. 1997; Seitz et al. 1994 ).
Phenomenon of relearning
The specific process associated with these transient changes during task acquisition has not yet been clarified. Neverthe-One of the most interesting observations in this study was that three of the four animals that learned the task with the less, these data together with the findings from the present experiments point toward a contribution of the cerebellum nuclei inactivated had to relearn the task when required to perform it without any injection. Although the mechanisms to acquisition during the period in which its task-related modulation is increased. underlying this relearning phenomenon are not yet known, it provides an important stimulus for considering new concepts
The precise process that is reflected by this change in modulation is still unknown. One possibility is that the cere-related to the cerebellum's role in the acquisition of goaldirected volitional arm movements. One possibility is that bellum's output is used by the motor control system to establish an internal representation of the motor plant or specific the availability of the cerebellum virtually disables the implementation and/or recall of the previously learned strat-features of the movement per se as a motor behavior is learned. The argument that such internal representations are egy. This seems unlikely because there is no evidence that such a mechanism exists, and it is inconsistent with the fact integral to motor control is consistent with many findings in the literature (Andersen et al. 1993; Baev et al. 1991 ; Flana-that one of the animals employing an alternate strategy did not have to relearn. Alternately, we favor a view based on gan and Wing 1997; Gerdes and Happee 1994; Shimansky 1991; Soechting and Flanders 1992; Wolpert et al. 1995) . our hypothesis that the cerebellum normally plays a key role in strategy specification during the acquisition of goal-It is possible that the cerebellum contributes to the establishment of optimal internal representations during the learning directed volitional arm movements (Bloedel et al. 1996 (Bloedel et al. , 1997 . According to this view, the relearning observed in of voluntary movements because of its importance in the on-line processing of sensory information during movement these experiments may have occurred to implement a new, cerebellar-dependent algorithm capable of improving the execution (Bloedel et al. 1996 (Bloedel et al. , 1997 . If so, an incomplete internal model of the controlled motor pattern with which the task is performed. This proposal is consistent with the behavioral observation that re-object would be established when a new task is learned during cerebellar nuclear inactivation because the task would learning occurred in those cats having an original strategy have to be learned through integrative processes that could motor control system, having learned to perform this task without this structure, reestablishes a new control algorithm not employ the information processing normally performed by the intact cerebellum. When the cerebellum becomes derived by incorporating the cerebellum into the sensorimotor integration related to movement generation and modi-available and retraining occurs, an upgraded, appreciably more effective internal model would be formulated through fication. Through these interactions, the essential plastic changes related to the storage of the internal representa-practice, thus accounting for the relearning observed during this phase of the experiment. Stated differently, the relearn-tion of the movement would be established outside the cerebellum. ing phenomenon could reflect the correction of an incomplete internal representation generated while the cerebellar nuclei were inactivated.
